Pressure-induced structural aspects of NaCl-type (B1) to CsCl-type (B2) structures in yttrium pnictides (YX; X = N, P and As) are presented. An effective interionic interaction potential with the long-range Coulomb and van der Waals (vdW) interaction and the short-range repulsive interaction up to secondneighbor ions within the Hafemeister and Flygare approach with a modified ionic charge is developed. Particular attention is devoted to evaluate the vdW coefficients following the Slater-Kirkwood variational method, as both the ions are polarizable. Our results on vast volume discontinuity in the pressurevolume phase diagram identify the structural phase transition from B1 to B2 structure. The estimated value of the phase-transition pressure (P t ) and the magnitude of the discontinuity in volume at the transition pressure are consistent when compared with the reported data. The variations of elastic constants and their combinations with pressure follow a systematic trend identical to that observed in other compounds of the NaCl-type structure family, and the Born relative stability criteria are valid in yttrium pnictides.
Introduction
The pressure-induced structural phase transition in binary compounds of lanthanides, actinides and pnictides with a NaCl-type structure has received considerable attention in the recent past [1, 2] . In particular, rare-earth (RE) pnictides have various anomalous physical properties, in terms of structural, magnetic and phonon properties [3] . These properties are related to their electronic structure where the 4f band is partially filled and extended valence states coexist in the same energy range. Pressure is believed to be an attractive thermodynamical variable to reveal the mechanical properties of most of the solids and alloys. Since cohesion of solids is crucial, the interatomic distance changes as a consequence of the application of pressure. Recent studies using synchrotron and power X-ray diffraction demonstrated that under pressure, a majority of binary compounds with a NaCl-type (B1) structure undergo a phase transition to the CsCl-type (B2) structure with eightfold co-ordination at high pressure [4] [5] [6] . and discussed in Section 3 with the existing first-principle data, and the concluding remarks are presented in Section 4.
Theory and method of computation
The understanding of thermodynamical properties for yttrium pnictides needs the formulation of an effective interionic potential. The idea is as follows: the change in force constants is small, the short-range interactions are effective up to the second-neighbour ions, and the atoms are held together with harmonic elastic forces without any internal strain within the crystal. The effective interionic potential between a pair of ions (i and j th) is expressed as
Here, the long-range Coulomb energy is represented by the first term. The second term corresponds to the Hafemeister and Flygare [25] type of short-range overlap repulsive energy. vdW multipole energies are represented by third and fourth terms, respectively. Here, the Pauling coefficients β ij are defined as: β ij = [1 + (z i /n i )/(z j /n j )], with z i (z j ) and n i (n j ) as the valency and number of outermost electrons in the anions (cations), respectively. The symbols c ij and d ij represent the dipole-dipole (d-d) and dipole-quadrupole (d-q) vdW coefficients. Z m e is the modified ionic charge and parametrically includes the effect of Coulomb screening effects. b (hardness) and ρ (range) are short-range parameters. Thus, the effective interionic potential contains only three free parameters (Z m , b and ρ), which can be determined from the crystal properties [27] . An isolated phase is stable only when its free energy is minimum for the specified thermodynamic conditions. As the temperature or pressure or any other variable acting on the systems is altered, the free energy changes smoothly and continuously. A phase transition is said to occur when the changes in structural details of the phase are caused by such variations of free energy. The test materials transform from their initial B1 to B2 structure under pressure. The stability of a particular structure is decided by the minima of the Gibbs free energy, G = U + PV − TS, where U is the internal energy, which at 0 K corresponds to the cohesive energy. S is the vibrational entropy at the absolute temperature T , pressure P and volume V .
The Gibbs free energy G B1 (r) = U B1 (r) + 2Pr 3 for the NaCl (B1) phase and G B2 (r ) = U B2 (r ) + [8/3 √ 3]Pr 3 for the CsCl (B2) phase becomes equal at the phase-transition pressure P and at zero temperature, i.e. G(= G B2 − G B1 ). Here, U B1 and U B2 represent cohesive energies for B1 and B2 phases:
r and r are nearest-neighbor (nn) separations corresponding to NaCl and CsCl phases, respectively. Here, V ij (r) and V ii (r)[V jj (r)] are the overlap potentials between the nearest (anion-cation) and the next nearest neighbors (anion-anion or cation-cation), respectively, and are defined as
The study of the second-order elastic constants (SOEC) (C 11 , C 12 and C 44 ) at 0 K is quite important for understanding the nature of the interatomic forces in them. Since these elastic constants are functions of the first-and second-order derivatives of the short-range potentials, their calculations will provide a further check on the accuracy of short-range forces in these materials. Following [24] and subjecting the dynamical matrix to the long-wavelength limit, we find the expressions for the SOEC for the B1 phase as:
and for the B2 phase as:
Here, (A 1 , B 1 ) and (A 2 , B 2 ) are the short-range parameters for the nearest and the next nearest neighbors, respectively. These parameters are defined in terms of overlap potentials V ij (r) and V ii (r)[V jj (r)] between the nearest (anion-cation) and the next nearest neighbors (anion-anion or cation-cation) as
We shall now compute numerically the high-pressure phase-transition and elastic properties for B1 and B2 phases in the next section.
Results and discussion
Knowledge of force constants is crucial to the understanding of the stability of the different structures at different volumes. Two different factors determine the response of any crystal structure to pressure: first, changes in nearest-neighbor distances, which affect the overlapping of adjacent ions and the bandwidth of the conduction band, and second, changes in symmetry, which affect the hybridization and bond repulsion. The formalism described above is applied to yttrium compounds belonging to the cubic crystal system. We have undertaken such structural and elastic properties in an ordered way. For such purposes, we have then three free parameters, namely modified ionic charge, range and hardness parameters (Z m , ρ and b). To estimate the free parameters, we first deduce the vdW coefficients from the Slater-Kirkwood variational method [28] , which are listed in Table 1 . C and D represent the overall vdW coefficients due to vdW interactions as mentioned in Equation (1), defined as [26] :
and
The values of the overall vdW coefficients are obtained using Equations (15) and (16) and weighted in terms of appropriate lattice sums [S 6 (0), S 6 (r), S 8 (0) and S 8 (r)], as argued earlier by Tosi [26] . We consider the yttrium compound to be partially ionic. It is perhaps worth remarking that we have deduced the values of free parameters, modified ionic charge (Z m ), range (ρ) and hardness (b) from the knowledge of equilibrium distance and the bulk modulus following the equilibrium conditions [29] . The input data along with their relevant references and the model parameters for yttrium compounds are given in Table 2 . We have found a negative gradient in the modified ionic charge, which is a direct consequence of the decreasing trend of bulk modulus. We appeal that the consistency of the results can be tested as a measure of the validity of these assumptions.
In an attempt to reveal the structural phase transition of the test materials, we minimize Gibbs free energies G B1 (r) and G B2 (r ) for the equilibrium interatomic spacing (r) and (r ). Figure 1 shows the Gibbs free energy difference G[= G B2 (r) − G B1 (r )] as functions of pressure (P ) using the interionic potential discussed above for yttrium compounds. Let us summarize the results of the plot. The pressure corresponding to G approaching to zero is the phase-transition pressure (P t ) (indicated by arrows in the figure) .At zero pressure, the B1 crystal phase is thermodynamically and mechanically stable, whereas B2 is not. As pressure increases, beyond the phase-transition pressure (P t ), the B2 system becomes mechanically and thermodynamically stable.
Eventually, at a pressure higher than the theoretical thermodynamic transition pressure, the B1 crystal becomes thermodynamically unstable, whereas the B2 phase remains stable up to the greatest pressure studied. In yttrium compounds, a crystallographic transition from B1 to B2 occurs. The phase-transition pressure (P t ) thus obtained are listed in Table 3 and compared with other available theoretical results [7, 8, 10] . We note that the transition pressure increases with the [8] 3.577 [8] 54.55 [8] decrease in the lattice constant for yttrium compounds. The consistency between band structure calculation data and lattice model calculation is attributed to the formulated effective interionic potential which considers the various interactions as well as the use of free parameters from the reported data.
Let us now estimate the values of relative volumes associated with various compressions following the Murnaghan equation of state [29] :
V 0 being the cell volume at ambient conditions. The estimated value of pressure-dependent radius for both structures and the curve of volume collapse with pressure to depict the phase diagram are illustrated in Figure 2a -c for YN, YP and YAs, respectively. It is noticed from the plot that our approach has predicted correctly the relative stability of competitive crystal structures, as the values of G are positive. The magnitude of the discontinuity in volume at the transition pressure is obtained from the phase diagram and tabulated in Table 3 , which is in good agreement with those revealed from other theoretical [7, 8, 10] works for all the compounds.
The elastic properties define the properties of material that undergoes stress, deforms and then recovers and returns to its original shape after stress ceases. These properties play an important part in providing valuable information about the binding characteristic between adjacent atomic planes, anisotropic character of binding and structural stability. Hence, to study the stability of these compounds in NaCl (B1) and CsCl (B2) structures, we have calculated the elastic constants at normal and under hydrostatic pressure by using developed effective interionic potential. Figures 3-5 shows the variation of SOEC with pressure in B1 and B2 phases for YN, YP and YAs, respectively. We note that a weak pressure and a negative pressure coefficient in C 44 were observed in the B1 phase. On the other hand, the reverse is true for the B2 phase. Further, in B1 and B2 phases, C 11 and C 12 increase linearly with pressure. At phase-transition pressures, all the compounds have shown a discontinuity in SOEC, which is in accordance with the first-order character of the phase transition. The above feature is quite similar to the earlier reported pressure dependence of elastic stiffness, possessing the NaCl structure with B1 to B2 structural phase transition [19, 20] .
It is useful to mention that the Born criterion for a lattice to be in a mechanically stable state is that the elastic energy density must be a positive-definite quadratic function of strain. This requires that the principal minors (alternatively the Eigen values) of the elastic constant matrix should all be positive. Further, the stability of a cubic crystal is expressed in terms of elastic constants as follows [29] :
Estimated values of bulk modulus (B T ), shear moduli (C 44 ) and tetragonal moduli (C S ) well satisfied the above elastic stability criteria for yttrium compounds. The calculated values of SOEC, bulk modulus (B T ), tetragonal moduli (C S ) and the pressure derivatives of SOEC (dB T /dP , dC 44 /dP and dC S /dP ) are given in Table 4 and are also compared with other available theoretical works [7, 8, 10, 12] . Furthermore, Vukcevich [30] proposed a high-pressure stability criterion for ionic crystals, combining mechanical stability with minimum energy conditions. In accordance, the stable phase of the crystal is the one in which the shear elastic constant C 44 is non-zero (for mechanical stability) and which has the lowest potential energy among the mechanically stable lattices.
On the other hand, C 44 is a very small quantity, and the calculated value of ((4r 0 /e 2 )C 44 − 0.556Z 2 m ) is found to be a negative quantity so that (A 2 − B 2 ) is negative. This suggests that these terms belong to an attractive interaction and possibly arise due to the vdW energy. The vdW energy converges quickly, but the overlap repulsion converges much more quickly. This means that the second-neighbor forces are entirely due to the vdW interaction and the first-neighbor forces are the Table 4 . Second-order elastic constants (C 11 , C 12 and C 44 ), bulk modulus (B T ), tetragonal moduli (C S ) (all are in GPa) and pressure derivatives of SOECs (dB T /dP, dC 44 /dP and dC S /dP) for yttrium compounds in B1 and B2 phases. [8] 3.90 [8] results of the overlap repulsion and the vdW attraction between the nearest neighbors. However, at high pressure, the short-range forces for these compounds increase significantly, which, in turn, is responsible for the change in the coordination number and the phase transformation. Other than deriving the equation of states correctly from a model approach and then analyzing the variation of short-range forces, at present we have no direct means to understand the interatomic forces at high pressure.
Apart from the phase transition and pressure dependence of SOEC, we also estimate the Debye temperature (θ D ) from the present approach. We define
where M is the acoustic mass of the compound. Figure 6a -c shows the variation of the Debye temperature in B1 and B2 phases for yttrium compounds. It is noticed from the figure that the θ D increase with the increase in pressure for yttrium pnictides in both the phases. This result motivates us for the definition of an 'average' elastic constant as
which in turn is calculated from the Debye temperature, allowing us to correlate the Cauchy discrepancy in elastic constant as
at zero pressure. Figure 7 shows the variation of 'average' elastic constant (C) with the Cauchy discrepancy (C * ) in B1 and B2 phases for yttrium compounds. We have found a negative Cauchy discrepancy in the B1 phase, whereas it is positive in the B2 phase. It is worth mentioning that strontium chalcogenides (SrS, SrSe and SrTe) [20] and magnesium chalcogenides (MgS, MgSe and MgTe) [19] show a positive and negative Cauchy deviation C * , respectively.
Conclusion
An effective interionic interaction potential is formulated to analyze the structural as well as elastic properties of yttrium compounds. The obtained values of free parameters allow us to predict the phase-transition pressure and the associated volume collapse. We have found that the vast volume discontinuity in the pressure-volume phase diagram identifies the structural phase transition from the NaCl (B1) to the CsCl (B2) structure. From our calculated results, it can be emphasized that the present approach reproduced the structural properties at high pressure consistently in terms of the screening of the effective Coulomb potential through the modified ionic charge (Z 2 m ). An immediate consequence of our lattice model calculations is the validity of the Born criterion. The SOEC C 11 and C 12 increase with increase in pressure up to the phase-transition pressure that supports the high-pressure structural stability of yttrium compounds. Further, C 44 decreases linearly with the increase in pressure and does not tend to zero at the phase-transition pressures in the B1 phase, which is in accordance with the first-order character of the transition. It has been found that the present simple model, when compared with complicated band structure calculations, may account for a considerable part of the available results for the high-pressure studies on yttrium pnictides.
